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Primary human epidermal melanocytes express six en-
dogenous isoforms of the human actin-associated myo-
sin Va motor protein, involved in organelle transport.
As isoforms containing exon F are most abundant in
melanocytes, we hypothesized that these isoforms
probably have a melanocyte-speci¢c function. To
uncover the biologic role of the six isoforms we intro-
duced enhanced green £uorescent protein (eGFP)-myo-
sin Va tail constructs in human melanocytes.We found
that the medial tail, undergoing alternative splicing, has
to be expressed in combination with the globular tail in
order to obtain clear colocalization with organelles.
Our data show that isoforms lacking exon F but con-
taining exon D are associated with vesicles near the
Golgi area. Myosin Va isoforms containing exon F are
able to colocalize with and in£uence melanosome dis-
tribution by indirect interaction with rab27a and direct
interaction with melanophilin. These results indicate
that the myosin Va medial tail domain provides the
globular tail domain with organelle-interacting speci¢-
city. Key words: myosin VA/Rab27a/melanophilin/alternative
splicing/exon F/primary human melanocyte/Griscelli/pigmen-
tation. J Invest Dermatol. 120:465 ^475, 2003
M
yosin Va encoded by the dilute gene (d) in mice
and the Griscelli locus in humans, is a dimer that
through its mechanochemical N-terminal head
domain facilitates movement of a cargo along
subcortical actin ¢laments (Nascimento et al,
1996; Cheney, 1998). Its carboxyterminal globular tail is asso-
ciated, at least indirectly, with subcellular organellar structures,
such as the endoplasmic reticulum (Dekker-Ohno et al, 1996;
Takagishi et al, 1996), the centrosome (Nascimento et al, 1997;
Bizario et al, 2002), vacuoles (Catlett and Weisman, 1998), and
synaptic vesicles (Prekeris and Terrian, 1997), with microtubule-
rich domains (Wu et al, 1998a) and melanosomes (Lambert et al,
1998b). Moreover, the tail domain is targeted by the microtu-
bule-associated motor kinesin (Huang et al, 1999) and a dynein
light chain (Benashski et al, 1997; Naisbitt et al, 2000; Lo et al,
2001), allowing £uent transition of vesicles from microtubules to
actin ¢laments (Westbroek et al, 2001). The C-terminal domain of
mouse myosin Va was already shown to undergo alternative
splicing in its medial tail domain, with exon combination
ACDEF reported to be a melanocyte-speci¢c isoform, whereas
lack of exons D/F appeared brain-speci¢c (Seperack et al, 1995;
Huang et al, 1998). In 1998, our group reported the existence of
¢ve endogenously expressed human myosin Va alternative tran-
scripts, with alternative usage of exons B, D, and F, respectively,
encoding 3, 27, and 25 amino acid long stretches (Lambert et al,
1998a). Interestingly, the full-length transcripts containing exons
ABCDEF and ACDEF were most abundant in human melano-
cytes and leukocytes, cell types involved in the human autosomal
recessive Griscelli syndrome (Griscelli et al, 1978). Indeed, in a
minority of Griscelli patients myosinVa mutations were detected
(Pastural et al, 1997, 2000; Lambert et al, 2000), which leads to an
in vivo and in vitro aberrancy in the positioning of melanosomes,
which are the pigment-bearing organelles in human melanocytes
(Lambert et al, 1999). Normally, as melanosomes mature they are
transported towards the periphery of the melanocytic cytoplasm
and transferred to the surrounding keratinocytes. Even distribu-
tion of melanin in the cytoplasm of the latter cells gives rise to
human skin pigmentation. When myosin Va is malfunctioning,
melanosomes display a central perinuclear accumulation in mi-
crotubule-rich perinuclear areas of the melanocyte (Bahadoran
et al, 2001). Phenotypically, this leads to pigment dilution of the
hair, and to a lesser extent, of the skin (Mancini et al, 1998). Pre-
viously,Wu et al (1998a) formulated a ‘‘capture hypothesis model’’
stating that melanosomes move quickly up and down the den-
drite along microtubules mediated by microtubule motors until
they are captured in the peripheral subcortical actin network by
myosin Va, ready for transfer towards the neighboring keratino-
cyte target cells. The necessity of the C-terminal part of myosin
Va in melanosome tethering was demonstrated by introduction
of a dominant negative myosinVa-eGFP tail construct in healthy
mouse melanocytes. This gave rise to an abnormal perinuclear ac-
cumulation of mature melanosomes. Thanks to recent genetic,
morphologic, and biochemical data from dilute, ashen, and leaden
mouse mutant melanocytes, all showing the phenotype of central
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melanosome accumulation, a cooperative tripartite complex for
recruitment of myosin Va on the melanosome membrane has
been proposed (Marks and Seabra, 2001). Rab27a, a Ras-like
small guanosine triphosphate GTPase encoded by the ashen
locus (Wilson et al, 2000) and mutated in the majority of
described Griscelli patients (MeŁ nascheŁ et al, 2000), directly
associates with mature melanosomes in its GTP-bound form
(Bahadoran et al, 2001). Melanophilin, encoded by the leaden
locus, is a rab27a e¡ector, which is recruited by rab27a-GTP to
the melanosomal surface by direct interaction with the N-term-
inal part of melanophilin. Eventually, myosin Va is recruited to
the melanosome membrane via a direct interaction between the
C-terminal portions of myosin Va and melanophilin (Kuroda
et al, 2001; Matesic et al, 2001; Fukuda et al, 2002;Wu et al, 2002a).
In this report we want to uncover the biologic role of six endo-
genously expressed myosin Va isoforms in human melanocytes.
The phenomenon of creating di¡erent biologic functions for
motor proteins by means of alternative splicing is already well
illustrated for kinesin (Khodjakov et al, 1998; Gyoeva et al, 2000)
and cytoplasmic dynein (Nurminsky et al, 1998; Lee et al, 1999).To
investigate whether the di¡erent myosinVa transcripts are of phy-
siologic relevance, we fused several tail sequences to eGFP and
transfected them into primary human melanocytes. This study
shows that the presence of exon F in myosin Va is a prerequisite
for colocalization with melanosomes and exon D mediates target-
ing to Golgi-derived vesicles.
MATERIALS AND METHODS
Cell culture The primary human epidermal melanocytes used for
mRNA, cDNA preparation, immunoelectron microscopy, immuno-
staining, and confocal microscopy on living cells were obtained from
neonatal foreskin and established as described previously (Naeyaert et al,
1991; Smit et al, 1998). Immunoelectron microscopy was also performed
on the human metastatic melanoma cell line MM-AN, maintained as
previously described (Byers et al, 1991). For the coimmunoprecipitation
assays, mouse melanoma B16 cells were cultured in Dulbecco minimal
Eagle’s medium with 10% fetal bovine serum and penicillin/streptomycin.
Constructs cDNAwas prepared from total RNA using the Superscript
enzyme (Invitrogen Merelbeke, Belgium). The di¡erent myosinVa cDNA
regions of our interest were ampli¢ed with Extaq (Takara Boechout,
Belgium) using the following primers based on GenBank accession
number Y07759 for the medial tail domain containing the di¡erent exon
combinations: (i) myoVKpn_3833: 50 -CGGGGTACCCCGCAAATTAGA
GGTGCAGAACT-30, and (ii) myo V4562_gg_ST: 50 -TTAGGCAAATAC
TTTCAGTTG-30; for the medial tail domain with the di¡erent exon
combinations plus the C-terminal globular tail: (i) myoVKpn_3833: 50 -
CGGGG TACCCCGCAAATTA GAGGTGCAGAACT-30, and (ii)
myoV_5818: 50 -TCAGACCCGTGAAATAAAGCCC-30; for the C-
terminal globular tail alone: (i) myoVK pn_4505: 50 -CGGGGTACCCC
GCTTGAAAAACAGGATAAGACG-30, and (ii) myoV_5818: 50 -TCAGAC
CCGTGAAATAAAGCCC-30. These myosin Va fragments were
directionally cloned into the KpnI/SmaI sites of pEGFP-C1 (Clontech,
Erembodegem, Belgium) in frame with eGFP (Fig 1). For two-hybrid
screening, the following bait plasmids were constructed by directional
insertion of myosin Va polymerase chain reaction products into the
EcoRI^SmaI sites of the pBD-Gal4 vector (Stratagene, Amsterdam, The
Netherlands), using the following primers for the myosin Va control bait:
(i) myoVEcoRI_4961: 50 -CCGGAATTCCGGTACAGTGGAGAAGA
GGGCT-30, and (ii) myoVgg_5272_ST: 50 -GGTTAGACCGAGTGGAAGGAGT
(Huang et al, 1999). For the medial tail domain with the di¡erent myosinVa
exon combinations plus the globular tail domain: (i) myoVEcoRI_3833: 50 -
CCGGAATTC CGGCA AATTAGAGGTGCAGAACT-30, and (ii)
myoV5818_ST: 50 -GGTTAGA CCG AGTGGAAGGAGT-30. The following
primers were used to clone human melanophilin (GenBank accession
Figure1. Overview of the di¡erent eGFP fused myosinVa constructs. Schematic drawing of the di¡erent domains of full length myosinVa.The ¢rst
set of constructs consisted of six di¡erent exon combinations in the medial tail fused to eGFP. In the second set of constructs we also included the C-
terminal globular tail of myosinVa. Finally, we fused the globular tail to eGFP.
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number NM_024101) in pAD-Gal4^2.1 and pBD-Gal4Cam (both
Stratagene) via the EcoRI cloning site: mlph_50 -CCGGAATTCCGGT
CCAAGCTCACTGATGAAGAG-30 and 50 -CCGGAATTCCG GTCTC
TCTGTCCTGTCCCGTTA-30. The following target plasmids were
constructed by BamHI/EcoRI directional cloning into the pAD-Gal4^2.1,
using the following primers: kinesin control target based on GenBank
accession number X65873: kinBamHI_2444 50 -CGCGGATCCGCGA
CTCATCAAAAACAGATCA GTAG-30 and kinEcoRI_ST_3202 50 -
CCGGAATTCCGGTTACACTTGTTTGCCT CCTCCAC-30; rab27a
wild-type GenBank accession number NM_004580: rab27a_BamHI 50 -
CGCGGATCCGCGA TTATGTCTGATGGAGATTATG-30 and rab27a
EcoRI 50 -CCGGAATTCCGGTTATGTCGTTACTTGACTTCTCA-30.
Rab27a T23N [guanosine diphosphate (GDP) bound form] and rab27a
Q78L (GTP-bound form) were created using polymerase chain reaction
based mutagenesis (Stratagene Quickchange mutagenesis kit). We used
rab27a wild type in pAD-Gal4^2.1 as a template in combination with
the following primers: rab27a T23N (forward) 50 -GACTCTGGTG
TAGGGAAGAACAGTGTACT TTACCAATAT-30, rab27a T23N (reverse)
50 -CTGAGACCACATCCCTTCTTGTCA CATGAA-30, rab27a Q78L
(forward) 50 -CAGTTATGGGACACAGCAGGGCTGGA GAGGTTTCG
TAGCTTA AC-30 and rab27a Q78L (reverse) 50 -GTCAATACCCTGT
GTCGTCCCGACCTCTCCAAAGCATCGAATTG-30. The cloning
strategies were initially performed in silico, using the PDRAW 32 acaclone
program, a freeware program developed by Kjeld Olesen (http://
medlem.tripodnet.nu/acaclone/). Proper folding of the created fusion
proteins was tested with SMART (Simple Modular Architecture
Research Tool, http://smart.embl-heidelberg.de). Constructs were
sequenced by Baseclear (Leiden, the Netherlands). To check the correct
sequence of exon F, which is not included in GenBank accession number
Y07759, we used GenBank accession number AF090424.
Transfection and electroporation The human melanocytes were plated
on glass coverslips and, at 70^80% con£uency, transfected with the
appropriate ratio of plasmid DNA, enhancer, and e¡ectene according to
the manufacturer’s instructions (Qiagen Leusden, The Netherlands).
Mouse B16 melanoma cells were transfected with the appropriate amount
of DNA mixed with lipofectAMINE (Invitrogen). Confocal microscopy
was performed on living and ¢xed cells between 24 h and 48 h after
transfection. For electroporation the primary melanocytes were collected
in an amaxa certi¢ed cuvette (amaxa GmBH, Cologne, Germany). A
mixture of 100 ml nucleofector solution (amaxa GmBH) and 5 mg plasmid
DNA was added. The cells were electroporated in the nucleofector
electroporator (amaxa GmBH) with the U_16 speci¢c nucleofector
program.
Indirect immuno£uorescence and confocal microscopy Primary
epidermal melanocytes or B16 melanoma cells were transfected with the
described eGFP-constructs and ¢xed after 24^48 h of transfection
in 3% paraformaldehyde for 20 min, incubated in 50 mM NH4Cl for
10 min and permeabilized with 0.2% Triton X-100 for 5 min. Cells were
labeled overnight at 41Cwith the following antibodies: mouse monoclonal
NKI beteb antibody (1: 40), aimed against the (pre)melanosomal silver
protein (Monosan, Uden, The Netherlands); polyclonal PEP1 antibody
(1: 200) made by Eurogentec (Angers, France) and aimed against the
COOH terminus of the murine tyrosinase-related protein 1 (TRP-1);
mouse monoclonal anti-rab27a (1:100) (Transduction Laboratories,
Lexington, UK); mouse anti-human monoclonal Golgi antibody (1:40)
(Chemicon, Hampshire, UK), which stains Golgi zone in human cells;
and anti-melanophilin antibody (1:100), made by Eurogentec by
immunizing rabbits with two immunogenic peptides at the N-terminal
of the mouse Mlph. Because this anti-melanophilin antibody only
recognizes mouse melanophilin, we had to use B16 mouse melanoma cells
instead of human melanocytes. The secondary antibody was a biotinylated
goat anti-mouse antibody or goat anti-rabbit (Amersham Life Science,
Orsay Cedex, France) that was labeled with streptavidin Texas red (1: 50)
(Amersham Life Science). Cells were mounted on glass slides with
mounting £uid containing Dabco anti-fading agent (Dako, Heverlee,
Belgium). The living and ¢xed melanocytes were viewed with a Leica
TCS SP2 confocal microscope using a HCX PL APO 63.01.20 W
CORR UV water^immersion objective. Mid Z-plane cell sections are
shown.
Immunoelectron microscopy Primary melanocytes electroporated
with and MM-AN melanoma cells transfected with eGFP-ABCDEF-GT,
eGFP-ACDEF-GT, eGFP-ABCEF-GT, eGFP-ABCE-GT, eGFP-ACE-GT,
and eGFP-ABCDE-GTwere ¢xed in 0.1% glutaraldehyde for 1 h at room
temperature, pelleted, and embedded in 12% gelatin. The pellet was cut
into 1 mm3 cubes, cryoprotected in 2.3 M sucrose and snapfrozen in liquid
nitrogen. Ultrathin cryosections were labeled with a rabbit polyclonal anti-
GFP antibody (gift from J. Fransen, Nijmegen) (1:1000) (Cuppen et al,
1999), followed by 10 nm protein A-gold incubation. The grids were
contrasted with uranyl acetate and viewed with a Philips (Eindhoven,The
Netherlands) EM 410 electron microscope. Several negative controls were
performed. Labeling was performed excluding the polyclonal anti-GFPAB
but including the 10 nm gold particles. The complete immuno-labeling
was also performed on nontransfected cells. Finally, the experiments
themselves also included a negative control, this due to the fact that not
every melanocyte was electroporated. All the negative controls showed no
aspeci¢c gold label.
Yeast two-hybrid screening and b-galactosidase assay The Gal4
based yeast two-hybrid vector system (Stratagene) in combination with
yeast strain Saccharomyces cerevisiae PJ69-4 (James et al, 1996) was set
up to detect a physical interaction between the myosin Va transcripts and
rab27a or melanophilin. All constructs were tested for autoactivation by
cotransfection with empty pAD-Gal4^2.1 or pBD-Gal4 vector into
PJ69-4a. Interactions were scored using SD-Leu-Trp-Ade, SD-Leu-Trp-
His and b-galactosidase ¢lter assay. As an additional positive control we
used human kinesin (2444^3202 bp) and myosin Va (4961^5272 bp)
(Huang et al, 1999). The internal positive control, p53 and pSV40,
and negative control, pLamin and pSV40 from Stratagene were also
assayed.
Immunoprecipitations Twenty hours after transfection with eGFP-
ACDEF-GT, eGFP-ABCEF-GT, eGFP-ABCE-GT, and eGFP-ABCDE-
GT, mouse B16 cells were washed with phosphate-bu¡ered saline and
lyzed (1% Nonidet P40, 50 mM Tris pH 8, 150 mM NaCl and a protease
inhibitor mix). Cells were scraped from the plate and centrifuged at
13,000 r.p.m. (10,000 g) After coupling anti-GFP polyclonal antibody
(Abcam, Cambridge, UK) to protein A-Sepharose beads (Amersham
Biosciences), cell extracts were mixed with 1% Triton X-100 washed
beads, and incubated for 1 h at 41C. The beads were washed six times in
lysis bu¡er and boiled in Laemmli bu¡er for 5 min. The entire eluates
were loaded on to a 5% and a 12.5% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gel (respectively to detect rab27a and
the eGFP-myosin Va constructs) and transferred to nitrocellulose
membranes (Hybondþ , Amersham Biosciences).
Immunoblotting Membranes obtained from 5 and 12.5% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis were probed with a
monoclonal anti-GFP antibody (1: 3000) (Transduction Laboratories) and
a monoclonal anti-rab27a antibody 1: 2000 (gift from M. Seabra,
Oxford), respectively. Horseradish peroxidase-labeled anti-mouse antibody
(1: 4500) (Dako) was used as secondary antibody. The antigen-antibody
complexes were detected with the enhanced chemiluminescence kit
(Amersham Biosciences).
RESULTS
The di¡erent medial tail exon combinations and the
globular tail of myosin Va, expressed separately, do not
display a speci¢c subcellular distribution In 1998, we
showed that a speci¢c domain in the medial stalk domain of the
human myosin Va gene undergoes alternative splicing through
alternate usage of three exons termed exon B, D, and F. Five
endogenously expressed isoforms, ABCDEF, ACDEF, ABCEF,
ABCDE, and ABCE, were picked up in human leukocytes and
a number of primary human skin cell types, including
melanocytes (Lambert et al, 1998a). The observation that exon B
is speci¢c to the brain-spliced isoform in mice cannot be
extended to human melanocytes (Wu et al, 2002a). Moreover,
we could detect isoforms lacking exons D and F, which are
considered to be brain-speci¢c, in human melanocytes. Later on,
we also detected the endogenous expression of a sixth isoform
namely ACE in human melanocytes (unpublished). Although
isoforms ACDE and ACEF could theoretically occur, we never
detected them in several normal cell types studied. To investigate
the role of the six endogenously expressed alternative splice
variants, we cloned the medial tail containing exon
combinations ABCDEF, ACDEF, ABCEF, ABCDE, ABCE,
and ACE in frame to the C-terminal part of eGFP. Transfection
in primary human epidermal melanocytes gave an average
transfection e⁄ciency of about 5%, which was satisfying to
obtain reproducible results. Confocal microscopy on living
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melanocytes was performed at 24 and 48 h after transfection.We
decided to perform the initial localization experiments on living
cells instead of ¢xed cells to exclude misinterpretation of
localization due to ¢xation artifacts.
The six di¡erent exon combinations fused to eGFP all gave
the same homogeneous distribution pattern throughout the
whole cytoplasm. A less denser £uorescence was observed in
the nucleus but the nucleoli were excluded (Fig 2A). No
abnormalities in melanosome distribution (Fig 2B) were
observed. These data suggest that the alternate isoforms created
in this medial tail region are by themselves not able to bind to
speci¢c subcellular structures. Picking out only a partial myosin
Va stretch by reverse transcription^polymerase chain reaction
could of course cause misfolding of the derived protein structure
and hence create a shift in function; however, this was carefully
excluded using the SMART program. Transfection of the
globular tail alone fused to eGFP always resulted in targeting of
a perinuclear structure, presumably the microtubule organizing
center (MTOC) (Fig 2C), melanosome distribution appeared to
be normal (Fig 2D).
Overexpression of the six di¡erent exon combinations plus
the C-terminal globular tail sequence creates a speci¢c
subcellular localization pattern The fact that overexpressing
the myosin Va region of alternate exon usage and the globular
tail alone did not reveal a speci¢c cytoplasmic pattern, brought
along the idea to overexpress a second set of constructs.
Overexpression of myosin Va tail fragments was already shown
to block vesicle transport in other species (Wu et al, 1998; Brown
et al, 2001) and the tail domain is known to include certain motifs
important in targeting binding partners (Reck-Peterson et al,
2000). Knowing this we generated six eGFP fusion constructs
containing the six exon combinations followed by the
C-terminal globular tail domain (eGFP-ABCDEF-GT, eGFP-
ACDEF-GT, eGFP-ABCEF-GT, eGFP-ABCDE-GT, eGFP-
ABCE-GT, and eGFP-ACE-GT). Moreover, overexpression of
myosin Va headless fragments could gradually compete with
endogenous full-length myosin Va for interaction with possible
binding partners. As these fragments lack the actin-binding and
adenosine triphosphate-binding motif, targeted structures might
gradually lose track from the actin cytoskeleton creating a
Figure 2. The myosinVa medial tail domain or globular tail domain alone is not su⁄cient to interact with organelles. (A) Confocal imaging of
living human melanocytes transfected with eGFP-ABCDEF gave a di¡use localization in the cytoplasm, low £uorescence could be observed in the nucleus
but nucleoli were completely excluded. (B) Phase contrast image showed that melanosomes exhibit a normal peripheral distribution. Scale bars: 20 mm. (C)
eGFP-globular tail localized as a distinct perinuclear dot. (D) Introducing this construct had no in£uence on melanosome distribution. Mid cell sections are
shown. Scale bars: 20 mm.
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dominant-negative e¡ect on the positioning of these targets. 24 h
after transfection, the constructs eGFP-ACE-GT (Fig 3A), eGFP-
ABCE-GT (data not shown), and eGFP-ABCDE-GT (data not
shown) localized in distinct dots over the entire cytoplasm of
the living melanocytes. For all three constructs, after 48 h of
transfection, these dots had gradually bundled into perinuclear
localization (Fig 3C,E) of the melanocytes. It was striking that
the localization pattern of eGFP-ACE-GT and eGFP-ABCE-GT,
which was more like a dot, seemed di¡erent as eGFP-ABCDE-
GT, which was more stretched. Immuno-£uorescence confocal
microscopy on transfected primary melanocytes showed
retention in the Golgi apparatus after 48 h for eGFP-ABCDE-
GT (Fig 3E^G). The other ¢ve constructs did not colocalize
with the Golgi marker. None of these three constructs induced
an alteration in melanosome position (Fig 3D,H). Owing to
technical di⁄culties we had to perform our initial
immunoelectron microscopy experiments on MM-AN
melanoma cells. Later we were able to repeat these experiments
by electroporation of primary human melanocytes in which the
e⁄ciency was about 60%. We could conclude that the
observations made for each construct were similar in both cell
types. Immunoelectron microscopy on electroporated primary
human melanocytes with eGFP-ABCDE-GT clearly showed
clustering of vesicles in the Golgi area (Fig 4C,D).
Immunoelectron microscopy on MM-AN melanoma cells
transfected with eGFP-ABCE-GT (Fig 4B) and incubated with
gold-conjugated anti-GFP antibody revealed localization on
small vesicles, which were clustered around the MTOC. Similar
images were observed for eGFP-ACE-GT (data not shown). The
excessive amount of gold particles present around the MTOC is
Figure 3. Phenotypic e¡ects of myosinVa tail constructs lacking exon F. Overexpression of eGFP-ACE-GT in living melanocytes (A) gave a punc-
tate pattern throughout the cytoplasm after 24 h of transfection. eGFP-ABCE-GT (C) gave a clearly visible perinuclear £uorescent aggregate after 48 h of
transfection due to a dominant negative e¡ect on vesicular transport. Cells transfected with eGFP-ABCDE-GT (E) were ¢xed after 48 h and stained with
anti-Golgi AB conjugated toTexas red (F). The merged image in (G) showed a clear colocalization pattern. None of these constructs showed alteration in
melanosome distribution (B,D,H) Mid cell sections are shown. Scale bars: 10 mm.
HUMAN MYOSIN V SPLICE FORMS TARGET MELANOSOMES 469VOL. 120, NO. 3 MARCH 2003
probably due to the overexpression of the eGFP construct. No
gold particles were detected on melanosomes. When primary
melanocytes were transfected with eGFP-ABCEF-GT (Fig 5A),
eGFP-ACDEF-GT, and eGFP-ABCDEF-GT (data not shown),
£uorescence after 24^36 h was accentuated in a punctate
peripheral rim (Fig 5A), with a less intense punctate pattern all
over the cytoplasm. Melanosome distribution seemed normal
(Fig 5B). This pattern turned into a striking perinuclear
accumulation of £uorescence (Fig 5C) and melanosomes in the
living melanocytes (Fig 5D) after 48 h of transfection.
This indicated that eGFP-ABCDEF-GT, eGFP-ACDEF-
GT, and eGFP-ABCEF-GT were able to induce a dominant-
negative ‘‘Griscelli-like’’ phenotype on melanosome transport.
The fact that these constructs have exon F in common indicates
a speci¢c role for this exon in melanosome targeting by
myosinVa.
Myosin Va tail constructs with exon F associate with
melanosomes To determine the role of exon F in melanosome
targeting, melanocytes transfected with eGFP-ABCDEF-GT
(Fig 5E), eGFP-ACDEF-GT (data not shown), and eGFP-
ABCEF-GT (Fig 5I) were labeled with NKI-beteb (Fig 5F), an
antibody detecting the melanosomal silver protein and an anti-
TRP1 antibody (Fig 5J), speci¢c for end-stage melanosomes.
The merged confocal microscopy images revealed partial
colocalization of the eGFP-label with the melanosome markers
in melanocytes where the dominant-negative e¡ect had not
occurred yet (data not shown) and nearly full colocalization
where the dominant-negative e¡ect was already established (Fig
5G,K). The phase contrast pictures clearly show the accumulation
of melanosomes around the nucleus (Fig 5H,L). To support these
observations obtained at light microscopy level, we also
performed immunoelectron microscopy. Immunogold labeling
of electroporated primary human melanocytes using an anti-
GFP antibody con¢rmed the presence of eGFP-ABCDEF-GT
(Fig 4A), eGFP-ACDEF-GT, and eGFP-ABCEF-GT (data not
shown) on the melanosomal surface. Taken together these data
strongly indicate that the presence of exon F in the C-terminal
part of myosin Va is of major importance for, either direct or
indirect, association with melanosomes.
Figure 3. Continued.
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Rab27a colocalizes and coimmunoprecipitates but does not
directly interact with the myosin Va transcripts containing
exon F Rab27a is known to be associated with the
melanosomal membrane in human (Bahadoran et al, 2001) and
mouse (Wu et al, 2001; Hume et al, 2002) melanocytes.
Moreover, a partial colocalization between rab27a and
endogenous myosin Va has been shown in primary human
melanocytes (Bahadoran et al, 2001). Melanocytes were
transfected with eGFP-ABCDEF-GT, eGFP-ACDEF-GT
(Fig 6A), and eGFP-ABCEF-GT, ¢xed after 36 h and labeled
with an anti-rab27a antibody (Fig 6B). Colocalization with
rab27a could be observed for the myosin Va tail constructs with
exon F. At ¢rst, colocalization was partial (not shown), but
became complete (Fig 6C) after the melanosomes had moved
towards the perinuclear area (Fig 6D). Apparently, the exon F
myosin Va tail constructs not only had a dominant-negative
e¡ect on melanosome distribution but also on the rab27a
cytoplasmic distribution. These observations were never made
for myosin Va constructs lacking exon F. The question rose
whether the exon F containing myosinVa tail constructs interact
with rab27a to target melanosomes; therefore, we investigated
whether these transcripts were able to coimmunoprecipitate
with endogenously expressed rab27a. B16 mouse melanoma cell
extracts were made after transfection with several eGFP
constructs. As shown in Fig 7, eGFP-ACDEF-GT (lane 3)
and eGFP-ABCEF-GT (lane 4) coimmunoprecipitated with
rab27a using an anti-GFP antibody, whereas neither the tail
constructs lacking exon F, namely eGFP-ABCE-GT (lane 5) and
eGFP-ABCDE-GT (lane 2), nor the eGFP-C1 (lane1) did.
It is striking that eGFP-ACDEF-GT (lane 3) always seemed to
coimmunoprecipitate in a slightly less e⁄cient manner than
eGFP-ABCEF-GT (lane 4). To address the fact whether this
interaction between the exon F containing transcripts and
rab27a is direct, we performed yeast two-hybrid screening
with rab27a wild-type, rab27a-GDP and rab27a-GTP as a prey
and the six medial tail exon combinations as well as the
exon combinations, including the globular tail as a bait, did not
reveal a direct interaction between these two proteins (Table I).
Figure 4. Immunoelectron microscopy shows colocalization of exon F tail constructs with melanosomes. Ultrathin cryosections of primary
human melanocytes and MM-AN human melanoma cells, electroporated or transfected with various myosin Va eGFP-GT constructs, were labeled with
anti-GFP antibody detected with 10 nm gold particles. Electroporation of eGFP-ABCDEF-GT (A) in primary human melanocytes shows gold labeling on
membranes of melanosomes, which are readily recognizable as electron-dense structures and are indicated by an arrow. Ten nanometer gold particles were
rarely observed on other organelles or membranous structures. These observations are representative for all myosin Va tail constructs containing exon F.
MM-AN melanoma cells transfected with eGFP-ABCE-GT (B) and immuno-labeled with gold conjugated anti-GFP antibody. Ten nanometer gold parti-
cles were mainly located on vesicles, which were clustered around the MTOC, indicated by an asterix. Arrowheads indicate Golgi stacks. These observations
are also representative for eGFP-ACE-GT. Primary human melanocytes electroporated with eGFP-ABCDE-GT (C) give labeling in the Golgi area, which is
indicated by the arrows. A magni¢cation (D) of the rectangle in C clearly shows 10 nm gold particles on vesicles localized near the Golgi area. Scale bars:
0.2 mm.
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Melanophilin directly interacts and colocalizes with the
myosin Va transcripts containing exon F Apparently, rab27a
and myosin Va transcripts with exon F are functioning in a
complex, but are not directly interacting.With the ¢nding that
the leaden locus encodes a rab e¡ector, termed melanophilin, it
has been suggested that rab27a would recruit myosin Va to the
melanosomes aided by melanophilin (Marks and Seabra, 2001;
Matesic et al, 2001). We investigated the direct interaction of
melanophilin with the several human myosin Va transcripts by
using yeast two-hybrid screening. When testing the medial tail
domain with the six exon combinations alone no interaction
with melanophilin was seen. Myosin Va bait constructs
containing exon F and the globular tail, being ABCDEF-GT,
ACDEF-GT, and ABCEF-GT, gave a speci¢c interaction with
melanophilin. Because the anti-melanophilin antibody could
only recognize mouse melanophilin (Fig 6E), we had to use B16
mouse melanoma cells instead of human melanocytes.
Colocalization between the myosin Va exon F constructs and
melanophilin was observed in mouse B16 melanoma cells
(Fig 6F,G). These results taken together show that, in humans,
the myosin Va transcripts containing exon F undergo association
with the melanosome by direct interaction with melanophilin,
which binds directly to rab27a, the actual melanosome
receptor.
DISCUSSION
In 1998, we found that human myosin Va undergoes alternative
splicing in its medial tail domain in a cell type-speci¢c manner
(Lambert et al, 1998a). The goal of this study was to gain better
insight into the physiologic role of all six endogenously expressed
Figure 5. Phenotypic e¡ects of myosin Va tail constructs containing exon F. Melanocytes transfected with eGFP-ABCEF-GT were live observed
after 24 h (A) and 48 h (C). After 24 h a peripheral punctate localization was observed (A), whereas melanosome distribution was normal (B). After 48 h we
detected £uorescent (C) as well as melanosomal clustering (D) around the nucleus. This indicated the occurrence of a dominant-negative e¡ect on melano-
some transport. Primary human melanocytes, transfected with the exon F tail construct eGFP-ABCDEF-GT (E) and eGFP-ABCEF-GT (I) were ¢xed,
permeabilized, and incubated with NKI-beteb (F) or anti-TRP1 antibody (J). The merged image showed full colocalization of eGFP-ABCDEF-GT with
NKI-beteb melanosomal marker after generation of a ‘‘Griscelli like’’ phenotype (G) and full colocalization of eGFP-ABCEF-GTwith anti-TRP-1 (K). The
dominant negative e¡ect on melanosome transport is clearly visible on the phase contrast images (H,L). Again, these images are representative for what was
observed with all myosinVa tail constructs containing exon F. Mid cell sections are shown. Scale bars: 10 mm.
472 WESTBROEK ETAL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
Figure 6. Myosin Va exon F transcripts are associated with rab27a and melanophilin. Human melanocytes were transfected with eGFP-ACDEF-
GT (A) and after ¢xation incubated with anti-rab27a antibody (B). After 36 h of transfection the dominant-negative e¡ect was not only visible on melano-
some transport (D) but also on rab27a distribution (C). Indirect immuno£uorescence staining with the anti-melanophilin antibody on mouse B16 cells
shows a speci¢c punctate pattern in the cytoplasm and an accumulation in the tips of the dendrites (E). After transfection with eGFP-ABCEF-GT (G)
and ¢xation, mouse B16 melanoma cells were incubated with anti-melanophilin antibody (F). The same observation as for rab27a could be made for mel-
anophilin. Introducing a dominant-negative exon F myosinVa tail construct completely redistributed melanophilin (F) towards the microtubule-rich peri-
nuclear region (indicated by arrows). Mid cell sections are shown. Scale bars: 15 mm.
Figure 7. MyosinVa exon F transcripts are associated with rab27a in vivo. (A) Coimmunoprecipitation of eGFP-ABCDE-GT (lane 2), eGFP-ACDEF-
GT (lane 3), eGFP-ABCEF-GT (lane 4), and eGFP-ABCE-GT (lane 5) transfected in B16 melanoma cells with endogenous rab27a, was performed with an
anti-GFP antibody and blotted with anti-rab27a. Cells transfected with an empty peGFP-C1vector (lane 1) gave no positive result nor did the nontransfected
cells (lane 6). Only exon F constructs were able to coimmunoprecipitate. The band of the construct containing exon D and F (eGFP-ACDEF-GT) was less
intense than the band of the construct only containing exon F (eGFP-ABCEF-GT). (B) As an internal loading control the same amount of each B16 lysate
was put on gel.
HUMAN MYOSIN V SPLICE FORMS TARGET MELANOSOMES 473VOL. 120, NO. 3 MARCH 2003
myosin Va transcripts (ABCDEF, ACDEF, ABCEF, ABCDE,
ABCE, and ACE) in primary human epidermal melanocytes.
Transfection of the alternate splice region in the medial tail fused
to eGFP in melanocytes revealed that this region as such is not
su⁄cient to colocalize with any particular structure at light mi-
croscopy level. Confocal microscopy on human primary melano-
cytes transfected with the medial tail alternate splice forms
combined with the globular tail domain, however, revealed colo-
calization with and redistribution of melanosomes in melano-
cytes with exon F containing constructs and colocalization of
Golgi-derived vesicles with constructs lacking exon F but con-
taining exon D.
Recently two models of melanosome transport were sug-
gested. The ¢rst one suggested that melanophilin recruits rab27a
to the melanosome, thereby acting as a rab27a stabilization mole-
cule. Rab27a in turn would recruit myosinVa to the melanosome,
hereby acting as a myosin Va ‘‘receptor’’. The second model sug-
gested that rab27a recruits melanophilin to the melanosome,
which in turn targets myosinVa (Marks and Seabra, 2001). Using
immuno£uorescence, confocal microscopy, and immunoelectron
microscopy on transfected melanocytes or melanoma cells, with
we found that exon F is absolutely required for myosinVa to in-
teract with melanosomes in human melanocytes. Our yeast two-
hybrid screening and coimmunoprecipitation assays also revealed
a direct interaction of melanophilin and an indirect interaction of
rab27a, with exon F transcripts.These data indicate that in human
melanocytes the second melanosome transport model, where
rab27a serves as a myosin Va receptor on the melanosome mem-
brane with melanophilin acting as a bridging molecule, is applic-
able (Marks and Seabra, 2001). At the time of submission of our
data, studies from two independent groups concerning the hier-
archy of interaction of the myosinVa, rab27a, and melanophilin/
Slac-2 complex with melanosomes, at least in mice, were pub-
lished.The ¢rst group (Wu et al, 2002a,b) demonstrated, by using
engineered myosinVa isoforms, that in mouse melanocytes exon
F is also required for myosin Va to target melanosomes. Their
yeast two-hybrid and immunoprecipitation assays with the engi-
neered tail constructs show that mouse melanophilin directly and
mouse rab27a indirectly interacts with exon F transcripts, hereby
also supporting the second model of melanosome transport. In-
terestingly, similar to our ¢ndings with human myosin Va iso-
forms,Wu et al (2002a) also saw that the interaction of myosin
Va with melanosomes and melanophilin only occurred when the
carboxy-terminal globular tail domain was present in partnership
with the exon F-containing medial tail domains. The second
group revealed an interaction between melanophilin and
rab27a, and between melanophilin and myosin Va. Their
in vitro binding assay, however, revealed that the myosin Va
globular tail as such is able to undergo a weak interaction with
melanophilin (Fukuda et al, 2002), indicating the possible interac-
tion of the globular tail alone with melanosomes. As illustrated
by our data, we were never able to see colocalization of the
globular tail domain with melanosomes. Transfection in human
melanocytes gave a low di¡use cytoplasmic signal but next to
that also a distinct perinuclear dot, possibly the MTOC. This is
comparable with transfections of this domain performed in B16
mouse melanoma cells (Nascimento et al, 1997) but in contradic-
tion with recent data where the globular tail transfected in mouse
melanocytes showed a rather unspeci¢c colocalization (Wu et al,
2002a). An explanation for interaction of the globular tail with
melanophilin could be that the globular tail exhibits low binding
a⁄nity towards melanosomes, which was beyond the detection
level of our assays and those of other groups. Our data strongly
indicate that exon F mediates the speci¢c interaction of the
globular tail with melanosomes but is not able by itself to bind
melanosomes. Perhaps narrowing the domain containing the
exact binding site on myosinVa (now broadly limited to the 620
C-terminal residues of mouse myosin Va) for melanophilin, and
thus for melanosomes, might help to obtain better insight into
this discrepancy.
The three transcripts lacking exon F, colocalized with other ve-
sicular structures in melanocytes than melanosomes. Transfection
of eGFP-ABCDE-GT, eGFP-ABCE-GT, and eGFP-ACE-GT re-
sulted in a displacement of vesicles towards the perinuclear area,
indicating the appearance of a dominant-negative e¡ect on vesicle
transport and the involvement of these isoforms in vesicle posi-
tioning. eGFP-ABCDE-GT colocalized with the Golgi-apparatus
after appearance of the dominant-negative e¡ect on vesicle trans-
port. Our data suggest that the presence of exon D in the non-
exon F isoforms mediates speci¢c interaction with Golgi-derived
vesicles through an as yet unidenti¢ed receptor. Looking at the
coimmunoprecipitation assays of the eGFP constructs with
rab27a repeatedly revealed a better coimmunoprecipitation of
the construct containing exon F but lacking exon D (eGFP-AB-
CEF-GT) compared with the construct containing exon D and F
(eGFP-ACDEF-GT). A possible explanation could be that the
presence of exon D, which induces a Golgi-derived vesicle inter-
action, negatively regulates the interaction of exon F with rab27a
and therefore also with melanosomes. These observations might
indicate that the exons display a mutual regulatory e¡ect.
Immuno£uorescence confocal microscopy and immunoelec-
tron microscopy revealed that, after 48 h of transfection, eGFP-
ABCE-GT and eGFP-ACE-GT clustered around the MTOC on
small, yet unidenti¢ed, vesicles. Transfection assays with eGFP-
ABCE-GT compared with eGFP-ACE-GT and also eGFP-ABC-
DEF-GT compared with eGFP-ACDEF-GT show that exon B,
which is three amino acids long, does not appear to have any in-
£uence on localization of the constructs. Our data also clearly
illustrate that ABCE, or the so-called ‘‘brain-speci¢c transcript’’
(Seperack et al, 1995; Huang et al, 1998), does not show molecular
interaction or colocalization with melanosomes. This is in con-
trast to what is stated by Bizario et al (2002), who claim that trans-
fection of ABCE in mouse melanoma B16 cells can induce a
dominant negative e¡ect on melanosome motility. The fact that
they used mouse B16 cells instead of human melanocytes cannot
be the reason for this di¡erence as our transfection experiments in
human melanocytes were also simultaneously performed in
mouse B16 melanoma cells (data not shown), we never observed
melanosomal accumulation around the nucleus after transfection
with eGFP-ABCE-GT. Furthermore, all six myosin Va isoform
globular tail constructs showed the same (co)localization pattern
in human melanocytes and mouse B16 cells.
In summary, our data provide evidence, for the ¢rst time, that
in humans part of the pigmentation process, namely melanosome
transport, is speci¢cally regulated through three physiologically
expressed exon F-containing isoforms. These isoforms guide
Table I. Exon F myosinVa transcripts directly interact with
melanophilin and not with rab27a in yeast two hybrid
screening.The di¡erent myosinVa medial and globular tail con-
structs were cloned into the pBD-Gal4 vector, whereas full-length
human melanophilin, rab27aWT, rab27a-GTP, and rab27a-GDP into
the pAD-Gal4 -2.1 vector. After cotransfection into PJ69-4a and as-
saying on SD-Leu-Trp-Ade, SD-Leu-Trp-His and a-galactosidase
¢lter lift, constructs containing exon F directly interacted with mel-
anophilin whereas the others did not. None of the constructs inter-
acted with rab27aWT, rab27a-GTP, and rab27a-GDP. The positive
controls myosinVa (bp4961-5272) plus kinesin (bp2444-3202) and
p53 plus pSV40 gave the expected positive interaction. The negative
control pSV40 plus pLamin gave no growth on both SD-Leu-Trp-
Ade and SD-Leu-Trp-His
SD-Leu-
Trp-Ade
SD-Leu-
Trp-His
-galactosidase
ABCDEF-GTþmelanophilin þ þ þ
ACDEF-GTþmelanophilin þ þ þ
ABCEF-GTþmelanophilin þ þ þ
ABCDE-GTþmelanophilin   
ABCE-GTþmelanophilin   
ACE-GTþmelanophilin   
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their interaction with melanosomes through protein complex
formation with melanophilin and rab27a. Through its nonexon
F isoforms, myosin Va is able to undergo an interaction with
Golgi-derived vesicles, putatively mediated by a receptor, which
remains to be identi¢ed. Our ¢ndings also indicate that the
region of myosin Va displaying alternative splicing alone is not
su⁄cient to interact with or in£uence distribution of organelles.
This suggests that the alternative splice region itself is not
responsible for direct organelle interaction but rather provides
the globular tail with organelle-interacting speci¢city.
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